The bones of the middle ear are the smallest bones in the body and are among the most complicated functionally. They are located within the temporal bone -rendering them difficult to access and study. An accurate 3D model can offer an excellent illustration of the complex spatial relationships between the ossicles and the nerves and muscles with which they intertwine. The overall objective was to create an educational module for learning the anatomy of the outer, middle and inner ear from MRI data. Such a teaching tool will provide surgeons, radiologists and audiologists with a detailed self-guided tour of ear anatomy. MRI images of the auditory canal were acquired using a 9 Tesla MR scanner. The acquired images were reformatted along obliquely oriented axes to obtain the desired orientation relative to anatomical planes. An automated segmentation algorithm was applied to the MRI data to separate the cochlea, auditory nerve and semi-circular canals in the inner ear. Semi-automated segmentation was used to separate the middle ear bones. This was necessary in order to detach the malleus from the incus and the tympanic membrane from the malleus, as the boundaries between these structures were not sufficiently distinct in the data. Each structure became an independent object to facilitate its interactive manipulation. Different angles of view of the 3D structures were rendered illustrating the anatomic pathway starting at the tympanic membrane, through the middle ear bones, to the semi-circular canals, cochlea and auditory nerve in the inner ear.
INTRODUCTION
An understanding of the 3-dimensional relationships of anatomic structures that make up the tympanic space is critical for radiologists and otolaryngologists to adequately interpret imaging studies in the clinical environment. 3-dimensional reconstructions of the middle ear from clinical imaging studies suffer from limited resolution and relatively large fields of view. The bones of the middle ear -the malleus, incus and stapes are the smallest bones in the body and are among the most complicated functionally. They are located within the temporal bone, the hardest bone in the body, rendering them difficult to access and study. Similarly, the nerves and other functional units in the inner ear are embedded within the middle ear space. These structures are intertwined and inter-related making access and study even more arduous. An accurate 3D model can offer an excellent illustration of the complex spatial relationships between the ossicles and the nerves and muscles with which they interlace. Developing a 3D educational module of the inner ear will provide surgeons, radiologists and audiologists a self-guided tour of detailed ear anatomy.
We have taken advantage of existing technology employed in the field of MR microscopy to construct a computer-based learning module of middle ear anatomy. Images of a cadaver temporal bone specimen scanned at 9 Tesla after opacification of the middle ear space with dilute gadolinium solution were used to construct the 3-dimensional environment. We have emphasized the spatial orientation of the auditory ossicles, oval window, round window, cochlear promontory, pyramidal eminence, stapedius and tensor tympani muscles, tympanic segment of the facial nerve canal, tympanic recess and facial recess in order to facilitate image interpretation and surgical planning from 2-dimensional images.
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METHODS
The MRI images of the auditory canal were prepared using a 9 Tesla MR scanner at the University of North Carolina. The image volume contained a number of artifact-contaminated sections, so the volume was filtered to eliminate the noise prior to further analysis. This was done by interpolating good slices on either end of the bad slices or in some cases, taking out the slices with noise. The image volumes were then obliquely reformatted, as the anatomical relevant planes were not aligned with the orthogonal axes of the 3-D volume image. The "sagittal" plane, for example, has the semi-circular canal as three distinct and unattached objects with the auditory nerve cutting across the volume. The standard orthogonal orientations were obtained by slicing the volume image along obliquely oriented axes. The entire volume image was regenerated giving rise to unwanted spaces on both ends of the volume, which were removed. The reformatted volumes were converted to QuickTime and MPEG movies.
An automated segmentation algorithm 4 was applied to detach the middle ear bones and tympanic membrane. Some semi-automated segmentation was needed to separate the malleus from the incus and the tympanic membrane from the malleus, as the boundaries between these structures were not sufficiently distinct in the data. Each structure was saved as an independent object. This allowed for interactive specification and manipulation of each anatomic structure. They were given contrasting attributes (e.g. color) to enable easy identification of the individual structures within the context of the entire volume. Similar renderings and segmentations were applied to the structures of the inner ear identifying the auditory nerve, semi-circular canals and cochlea. The segmented images were combined with textual information and the Analyze 2,3 rendering engine to produce a custom interactive orthogonal sectional anatomy exploration tool for the image volume. As shown in figure 5, the tool simultaneously displays a 3D rendering of the middle ear structures with selected transverse, coronal and sagittal sectional images. The colored structures in the 3D rendering are represented by identically colored patches on the sectional images. Each of the orthogonal images has a slider to select the specific section displayed, or the user can click on one of the orthogonal images to select the planes displayed in the other two orientations, or the user can click on a structure in the 3D rendering, and select the three orthogonal sections that intersect at that point on the rendered image. When a colored structure is pointed to, either in the 3D image or in one of the sectional images, a message describing the structure and it's function is displayed in the text window. By using the right mouse button, the 3D image can be interactively rotated to any orientation. A sequence of renderings was also produced to illustrate the intricate details of the ear. This was obtained by using various camera angles showing some of the different views and angles. The cameras had to be placed in such a way as to ensure smooth transitions between consecutive cameras to prevent going inside the bones. This virtual endoscopic fly-though (figure 6) takes the viewer down the left external auditory canal, though the tympanic membrane and into the tympanic space. The ossicles are seen from the lateral perspective with the anterior aspect of the tympanic space to the viewer's left. The video includes a transparent bone sequence that allows the labyrinthine structures to be seen in reference to the footplate of the stapes, oval window and round window. The flight path continues along the manubrium of the malleus toward the attic, passing the tensor tympani tendon and chorda tympani nerve. From the attic the viewer proceeds down the long process of the incus to the level of the stapes footplate and oval window. The camera then proceeds along the posterior wall of the tympanic space identifying the facial recess, pyramidal eminence, stapedius tendon, tympanic recess and into the round window niche. 
RESULTS
Various camera angles were used to produce a sequence of volume renderings (Analyze, BIR/Mayo 1 ) to show the anatomic pathway beginning at the tympanic membrane through the middle ear bones to the auditory nerve via the semicircular canals and cochlea. This movie sequence was then used to create an interactive display of the auditory canal, including "fly-arounds" and endoscopic "fly-throughs". The reformatted volumes had the preferred orientation of the anatomy relative to the orthogonal axes of the 3D volume (see Figures 1 and 2) . The original planes were not mutually orthogonal and thus had to be determined independently. The segmentations were successful in separating and identifying the structures and some muscles and ligaments (see Figures 3 and 4) . 
CONCLUSION:
Three dimensional display of the middle and inner ear structures is invaluable to scientists and physicians in the study of temporal bone anatomy. This anatomic tool could potentially be modified to be used as a surgical simulator for temporal bone surgeons in training. Developing accurate 3-D models of the inner ear structures using these techniques may be helpful in the study of such vestibular disorders as benign paroxysmal positioning vertigo and other pathologies involving the cochleovestibular apparatus.
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